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(57) ABSTRACT 
An improved dimensional detection system is portable and 
can be used to characterize a workpiece. The dimensional 
detection system employs as few as a single focused light 
source and as few as a single camera along with a calibration 
data set to convert the illuminated pixels of an image of a 
beam on the workpiece into a cloud of real world points in 
space on an outer surface of the workpiece. The cloud of 
points can be processed to characterize the workpiece, such as 
by determining the right hexahedron that would encompass 
all of the real world points in space and which could be used 
to determine a dimensional weight of the workpiece. 
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DIMENSIONAL DETECTION SYSTEM AND 
ASSOCIATED METHOD 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The disclosed and claimed concept relates generally to a 

dimensional detection system and, more particularly, to a 
system that employs as few as a single camera and as few as 
a single laser in performing a dimensional analysis on a 
workpiece. 

2. Background Information 
Shipping costs are typically determined based on various 

measurements of an object being shipped (hereinafter, the 
“workpiece”). Weight, as is well known, is based upon the 
mass of a workpiece and can be determined with the use of a 
scale. Shipping costs can also be affected by the physical 
dimensions of a workpiece. The expression “dimensional 
weight” thus relates to a characterization of a workpiece in a 
fashion that can encompass aspects of both the weight and the 
physical dimensions of the workpiece or at least an aspect of 
the more signi?cant of the two. The dimensional weight of a 
workpiece can be based upon a load as disposed on a pallet. 
Such a pallet may, and often does, support more than one 
object. Thus, even if several generally rectangular objects are 
stacked on a pallet, the resulting workpiece may have a non 
rectangular shape. 

It is understood that a dimensional weight is a character 
ization of a workpiece. That is, the workpiece may have an 
unusual shape or may include several rectangular boxes 
which are stacked so as to be an unusual shape. While it may 
be possible to determine the exact volume of such a work 
piece, a dimensional weight calculation potentially may 
“square out” the size of the workpiece. That is, as the work 
piece, typically, cannot be made smaller than the greatest 
length in, or parallel to, any given plane de?ned by two of 
three axes, the dimensional weight calculation may take into 
account the volume of the workpiece as determined by the 
maximum length along, or parallel to, one or more of the 
X-axis, the Y-axis, and the Z-axis. 

This volume is then divided by a standard unit (166 in.3/lb. 
(international) or 192 in.3/lb. (domestic)) to achieve a dimen 
sional weight. For example, if a workpiece is measured to be 
six feet (72 inches) by four feet (48 inches) by three feet (36 
inches), the dimensional weight would be calculated as fol 
lows: First the volume is calculated as: 72 in.*48 in.*36 
in.:124,416 in.3' The volume is then divided by the standard 
unit, in this example the domestic standard unit: 124,416 
in.3+192 in.3/lb:648 lbs. Thus, the dimensional weight is 648 
pounds. The shipping cost would then be determined by using 
the greater of the dimensional weight or the actual physical 
weight, as measured by a scale. So, if the workpiece was an 
iron ingot weighing 2,000 pounds, the actual weight would be 
used to determine the shipping cost. Alternatively, if the 
workpiece was a carton of feather pillows weighing 200 
pounds, the dimensional weight would be used to determine 
the shipping cost. 

The determination of a dimensional weight is typically 
performed at a stationary device/ station into which a work 
piece must be placed. The dimensional weight has typically 
been determined by a system using time-of-?ight data, i.e. 
providing a wave (either sound or electromagnetic) and mea 
suring the time it takes for the wave to re?ect from the work 
piece. Such time-of-?ight devices typically use a plurality of 
transducers that must be maintained and kept properly ori 
ented. Such time-of-?ight transducers may be expensive. 
Other systems utilize a plurality of light projection devices, 
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2 
typically lasers, and multiple cameras to create, or emulate, a 
three-dimensional perspective. Such systems may be dis 
posed in a tunnel or similar construct through which a forklift 
truck passes while carrying the workpiece. Similar, but 
smaller systems may be disposed about a conveyor belt that 
transports workpieces. 

At a shipping facility, the dimensional weight of a work 
piece may be determined as the workpiece is disposed upon a 
pallet. A forklift truck or similar device may move the pallet 
into/onto/through a device structured to determine the dimen 
sional weight. If the device is a station, the pallet is typically 
driven to the location of the station, after which the dimen 
sional weight is determined, and the pallet and workpiece are 
moved on for further processing. If the system utilizes a 
tunnel, the forklift truck drives the workpiece to the location 
of the tunnel and then drives at a relatively slow pace through 
the tunnel to ensure the multiple cameras/lasers acquire the 
necessary data. 

Thus, a number of shortcomings are associated with known 
systems for assessing the dimensions or dimensional weight 
or both of a workpiece. First, known dimensional weight 
systems can be expensive to build and maintain. Second, the 
processing of a workpiece at a shipping facility may be 
slowed by the required steps of transporting the workpiece to, 
and positioning the workpiece in, or slowly through, the 
dimensional weight device. 

SUMMARY OF THE INVENTION 

The disclosed and claimed concept relates to a system and 
method for characterizing a workpiece, which may include 
calculating a dimensional weight. The system may be 
coupled to a forklift truck and utilized while the workpiece is 
being transported, thus making such a system portable. The 
system can also be situated in a stationary position, such as at 
a customer window of a shipping facility, inside the mouth of 
a trailer of a semi tractor-trailer, or potentially at a location 
along or at an end of a conveyer apparatus, so long as the 
system can have a clear view of the workpiece. Further, the 
system may be structured to characterize the workpiece using 
an image of a beam that is projected on the workpiece and 
further employing mathematical analysis on the pixels of the 
image with the use of a calibration data set. The system can 
generally be said to be free of any time-of-?ight devices. 
Instead, the system and an improved method rely upon con 
verting data from a two-dimensional image into a set of points 
in space that may be representative of a three-dimensional 
object. The system may further employ one or more algo 
rithms to characterize the workpiece based upon the set of 
points in space. 
The dimensional detection system includes as few as a 

single focused light source, as few as a single camera, and an 
image analysis device. As used herein, “single” means no 
more than one. The focused light source is structured to 
project a beam of light as a substantially straight line, 
although the beam could be of other shapes without departing 
from the present concept. 
The portable system for characterizing a workpiece is ini 

tially calibrated using a ?at calibration platform. An upper 
surface of the calibration platform includes a series of refer 
ence images that are disposed at known locations on the 
calibration platform. The focused light source projects at least 
one beam, and typically many individual beams in series, 
across the calibration platform when the calibration platform 
is at a number of known heights. As employed herein, the 
expression “a number of” and variations thereof shall refer 
broadly to any nonzero quantity, including a quantity of one. 
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The focused light source projects a beam at a certain angle 
relative to a ?xed reference axis which, in the exemplary 
embodiment herein, is a structure upon which the focused 
light source rests. The projection of the beam at a certain 
angle relative to the ?xed reference axis and at a certain height 
of the calibration platform causes the beam to impinge on and 
appear at a speci?c location on the calibration platform. The 
projection of the beam is repeated at the same certain angle 
for each of a plurality of known heights of the calibration 
platform. 

The focused light source is actually projected at the cali 
bration platform at each of a plurality of known angles rela 
tive to the ?xed reference axis and at each of a plurality of 
known heights of the calibration platform. Each time a line is 
projected at an angle it may be referred to herein as a “sweep”. 
There may be many sweeps at known angles performed at 
each of a plurality of known heights of the calibration plat 
form. 
An image, preferably a digital image, records the location 

of the beam on the calibration platform for each sweep. The 
image comprises a plurality of pixels arranged as a two 
dimensional grid. The re?ection of the beam on the calibra 
tion platform is represented by pixels that may be illuminated 
to varying degrees or that may have different/identi?able 
colors or both. For example, a laser may project a bright red 
light, thus, the re?ected beam is bright and is also red. In a 
two -dimensional image, such a re?ected line may be captured 
as a series of pixels that are illuminated or that are red or are 

both. 
The discussion herein shall refer to both two-dimensional 

coordinates, such as on an image of a beam on an object, and 
a correspondence of those coordinates with three-dimen 
sional coordinates in space of points on a surface of the object. 
During the calibration procedure, the “object” is the calibra 
tion platform. After completion of the calibration procedure 
and during operation of the measurement apparatus, the 
“object” may be a workpiece such as may be disposed on a 
pallet of a forklift truck. 
An example of the latter is shown generally in FIG. 1, 

which can be said to be a “picture” of a workpiece 1, and 
which will be helpful to illustrate the two different types of 
coordinate systems employed herein. The workpiece 1 may 
be de?ned in Cartesian coordinates traditionally represented 
by three axes in three-dimensional space labeled X, Y, and Z, 
as shown. The “picture” is shown with a border for the sake of 
reference but is typically an image 5 that may, and typically 
does, exist only as a digital image. The two-dimensional 
image 5 has only two axes, labeled U, V. As shown, the image 
5 axes U, V may have an origin that is disposed in the upper 
left-hand corner. In this location, the image 5 axes have posi 
tive numbers increasing from left to right (U axis) and from 
top to bottom (V axis). Further, and as discussed below, the 
units for the image 5 axes are preferably pixels. The work 
piece 1 is typically measured in traditional units, e.g. inches 
or (centi)meters. By way of example, the three-dimensional 
workpiece 1 (in this ?gure only) measures twelve by eight by 
four inches as measured along X, Y, and Z axes of the work 
piece 1 whereas the pixel at the highest point “H,” in the 
image 5 is at image pixel coordinates (U, V) 120, 140. 

For the various images at any given angle of the beam on 
the calibration platform at various heights, some of the illu 
minated pixels (having U, V coordinates within the image) 
are converted into a corresponding plurality of real world 
points in space having X, Y, Z coordinates, with each such real 
world point being a point on a surface of the calibration 
platform at one of its known heights. Such U, V coordinates of 
illuminated pixels at a given angle of the beam at all heights 
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4 
of the calibration platform and the corresponding real world 
X, Y, Z points in space are then subjected to a Newtonian 
Approximation procedure employing a pair of equations 
which may take the exemplary form: 

in order to solve for the six coef?cients a, b, c, e, f, and g 
(generally, the coe?icients “d” and “h” are zero, or very small, 
and may be ignored.) That is, the U, V coordinates of an 
illuminated pixel in an image and the X, Y, Z real world 
coordinates of a corresponding point in space are fed into 
those two equations with random values for a, b, c, e, f, and g. 
The process is repeated for a plurality of such sets of illumi 
nated pixel coordinates at the given angle of the beam and 
corresponding coordinates of real world points in space until 
the six coef?cients a, b, c, e, f, and g are determined with the 
aforementioned Newtonian Approximation or other method 
ology. 
A different set of six coe?icients a, b, c, e, f, and g is 

determined for each angle of the beam (which may be referred 
to as a calibration beam from the light source) using this 
methodology. That is, once the six coe?icients a, b, c, e, f, and 
g are determined for a given angle of the calibration beam, the 
process is repeated for each of a number of other known 
angles of the calibration beam to generate a separate set of the 
six coef?cients a, b, c, e, f, and g for each such angle. The 
calibration data set for the measurement apparatus can thus be 
said to comprise a plurality of sets of the six coe?icients a, b, 
c, e, f, and g, with each set being associated with an angle of 
the beam. 
The calibration data set can thereafter be employed when a 

workpiece is placed onto a pallet and the beam (which may 
now be referred to as an analysis beam from the light source) 
is directed at a plurality of the same angles onto the workpiece 
and images are collected at each such beam angle. More 
particularly, the U, V coordinates of illuminated pixels of an 
image taken at a predetermined angle of the analysis beam on 
the workpiece are plugged into the two aforementioned equa 
tions along with the six coe?icients a, b, c, e, f, and g from the 
calibration data set for that predetermined angle of the beam 
to arrive at corresponding real world X, Y, Z coordinates of 
corresponding points in space. Such points in space are actual 
points in space on the surface of the workpiece that are illu 
minated by the analysis beam at the predetermined angle. The 
process may be repeated for each of a plurality of angles of the 
analysis beam and associated sets of coef?cients a, b, c, e, f, 
and g from the calibration data set. 
The various points in space that have been determined from 

all of the angles of the analysis beam can then be the subject 
of further processing to characterized the workpiece. One 
way of characterizing the workpiece involves determining the 
dimensions and thus volume of a right hexahedron that would 
completely enclose all of the real world points in space, such 
as might be envisioned as corresponding with a rectangular 
carton that could be used to enclose the workpiece therein if 
such a thing were desired. As employed herein, the expression 
“right hexahedron” shall refer to a shape having six sides that 
are each oriented parallel with planes that are mutually per 
pendicular. 

BRIEF DESCRIPTION OF THE DRAWINGS 

A full understanding of the invention can be gained from 
the following description of the preferred embodiments when 
read in conjunction with the accompanying drawings in 
which: 
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FIG. 1 is a reference ?gure demonstrating the coordinate 
systems that are discussed herein. 

FIG. 2 is a perspective view of a forklift truck having a 
dimensional detection system in accordance with the dis 
closed and claimed concept. 

FIG. 3 is a side view of the forklift truck and dimensional 
detection system of FIG. 2. 

FIG. 4A is a perspective view of a calibration platform at a 
relatively lower level and depicting a beam re?ecting on the 
calibration platform, such as might be captured as an image 
by the dimensional detection system camera. 

FIG. 4B is a perspective view of the calibration platform of 
FIG. 4A at a relatively higher level and depicting the beam the 
same angle as in FIG. 4A re?ecting on the calibration plat 
form, such as might be captured as an image by the dimen 
sional detection system camera. FIG. 4B also depicts in bro 
ken lines the position of the calibration platform in its former 
position in FIG. 4A as well as the former re?ection of the 
beam thereon. 

FIG. 5 is a detailed view of a portion of the calibration 
platform with reference patterns. 

FIG. 6 is a perspective view of a workpiece being mea 
sured. 

FIG. 7 is a ?owchart of a method of performing a calibra 
tion operation. 

FIG. 8 is a ?owchart of a method of performing a dimen 
sional analysis. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

As used herein, directional phrases, such as, but not limited 
to, “longitude,” “lateral,” “vertical,” “front” and “back” and 
variations thereof relate to a forklift truck and the directions 
as observed by an operator of the forklift truck who is facing 
a fork assembly. It is noted that for a workpiece, the “length” 
extends generally front to back, the “widt ” extends generally 
side to side, and the “height” extends generally vertically. 
As used herein, a “workpiece” may be a single element or 

a collection of elements, typically packages, which may be 
disposed on a pallet, and may include other objects that can be 
transported without a pallet. The phrase “collective work 
piece” may also be used to describe a collection of work 
pieces disposed on a pallet. 
As used herein, the “relative position” means a location 

identi?ed using “U” and “V” Cartesian coordinates on a 
two-dimensional image. 
As used herein, “pseudo-Cartesian” coordinates are the 

real world “X”, “Y” and “Z” mappings of the “U” and “V” 
points in the image. It is preferred that “X” measures distance 
perpendicular to the longitudinal axis of the forklift truck, 
“Y” measures the distance along the longitudinal axis of the 
forklift truck and “Z” measures height from the ground or a 
pallet upon which the workpiece rests. These “X, Y, Z” axes 
are mutually perpendicular. 
As used herein, a “time-of-?ight device” means any device 

structured to determine a distance based on the time required 
to detect a wave re?ected from a workpiece. The wave may be 
audio or electromagnetic and includes, but is not limited to, 
sonic, ultrasonic, infrared, radio (a.k.a. radar), and laser 
(a.k.a. lidar) waves. 
As used herein, a step of “capturing an image” includes 

recording digital data that may be used to create an image, 
even if such an image is never produced in a form visible to 
humans. For example, a picture that is taken on a digital 
camera and never viewed, even temporarily, prior to deletion, 
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6 
is a “captured image” even though it only existed in a digital 
form in a storage medium such as a memory. 
As shown in FIGS. 2 and 3, a forklift truck 10 includes a 

vehicle body 12 and a forklift assembly 30. The vehicle body 
12 has an open cabin 14, an engine and drive train (not 
shown), and two pairs of wheels, i.e., a front pair of wheels 16 
and a back pair of wheels 18, although the pair of back wheels 
18 can be in the form of a single rear wheel in some applica 
tions. It is also noted that the forklift truck 10 may be of a 
walk-behind con?guration that does not include an enclosed 
cabin, or it may be of still other con?gurations. The back of 
the body 12 may have additional weight added thereto, often 
in the form of removable metal plates 20. The front pair of 
wheels 16 is preferably disposed close to the front, or beyond 
the front, of the vehicle body 12. Within the cabin 14 are 
controls 22, such as the steering wheel and drive/pneumatic/ 
hydraulic controls structured to operate the forklift truck 10 
and the forklift assembly 30. 
The forklift assembly 30 is disposed at the front of the 

vehicle body 12 and includes at least one mast 32 and, as 
shown, typically two masts 32A, 32B, i.e. a ?rst mast and a 
second mast 32A, 32B, and a lifting assembly 34. Each mast 
has an upper end 31 and a lower end 35. The masts 32 are 
elongated members that extend generally vertically, but may 
be pivotable so that the tops of the masts 32 are movable 
forward and rearward. That is, the masts 32 may be tilted 
backwards or forwards. If there is a single mast 32, the mast 
32 may be disposed along the longitudinal centerline of the 
vehicle. If there are two or more masts 32, the masts 32 are 
disposed generally symmetrically about the longitudinal cen 
terline of the vehicle body 12. The masts 32 are typically ?xed 
to the vehicle body 12 and typically cannot be moved later 
ally. 
As shown in FIG. 3, the lifting assembly 34 has a drive 

assembly 40, a load lifting carriage 42, and a lifting device 44. 
The load lifting carriage 42 is movably coupled to the masts 
32 and is structured to be moved by the drive assembly 40 
between a lower level and an upper level. Thus, the lifting 
assembly 34 is structured to move a load, typically a pallet 2, 
between a lower level and an upper level to enable movement 
of the load from place to place. The forklift assembly 30 may 
also include a scale 48. 
The lifting assembly 34 may include a vertical positioning 

assembly 36 (shown schematically) structured to control the 
elevation of the load lifting carriage 42 relative to the masts 
32. As shown in FIG. 3, the vertical positioning assembly 36 
includes a computer or other programmable logic circuit 
device 41 (shown schematically) and a vertical position track 
ing device 43 (shown schematically). The optional vertical 
position tracking device 43 is coupled to the load lifting 
carriage 42 and is structured to substantially accurately track 
the elevation of the load lifting carriage 42 relative to the 
masts 32. The vertical position tracking device 43 provides 
data to the vertical positioning assembly computer 41. In this 
con?guration, the vertical position of the load lifting carriage 
42 may be substantially tracked. 

Preferably, the lifting device 44 includes at least two inde 
pendent tines 46 and more preferably two independent tines 
46. The tines 46 are structured to lift, among other things, 
pallets 2. As discussed herein, it is assumed that the work 
piece 1 is, typically, disposed on a pallet 2. It is noted that a 
workpiece 1 may be larger or smaller than the pallet 2, or the 
workpiece 1 may extend to the edge of the pallet 2. Moreover, 
the workpiece 1 may include its own lifting points that receive 
the tines 46 of the lifting device 44, whereby the workpiece 1 
can be said to be disposed directly on the forklift truck 10 
without the use of a separate pallet 2. As discussed below, 
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beams of light are projected onto the workpiece 1 and the 
pallet 2 when the workpiece 1 is being analyzed. In an 
instance where the pallet 2 is covered by the workpiece 1, it is 
understood that an upper surface of the pallet 2 may be sub 
stituted for the bottom edge of the workpiece 1 if necessary. 

It is noted that the masts 32 are convenient locations on the 
forklift truck 10 where certain components of the dimen 
sional detection system 50 may be mounted. The dimensional 
detection system 50 components may, however, be coupled to 
any support structure that has a substantially clear view of the 
workpiece 1 while the workpiece 1 is disposed on the forklift 
assembly 30. As such, as used herein, a “mast” can be said to 
broadly include any support structure of the forklift truck 10 
that has a substantially clear view of the workpiece 1. 

The dimensional detection system 50 includes a single 
focused light source 52, a single image collection device 54 
which in the exemplary embodiment herein is a camera 54, 
and an image analysis device 56 (shown schematically). 
Other types of image collection devices 54 such as scanners 
and the like can be employed without departing from the 
present concept. Each component of the dimensional detec 
tion system 50 is, in the depicted exemplary embodiment, 
coupled to the forklift truck 10. Thus, the dimensional detec 
tion system 50 is portable. Alternatively, the image analysis 
device 56 may be substantially independent of the forklift 
truck 10 but be in wireless communication with the compo 
nents of the dimensional detection system 50 that are dis 
posed on the forklift truck 10. In either embodiment, a char 
acterization of the workpiece 1 that may include a set of 
dimensions of the workpiece, a volume, or a dimensional 
weight may be advantageously determined without having to 
stop the forklift truck 10 at a dimensional weighing station or 
other ?xed location or move it past such a location. It is 
reiterated, however, that the dimensional detection system 50 
can be installed in a stationary con?guration without depart 
ing from the present concept. 

The focused light source 52 is structured to project a beam 
of light that, if projected onto a substantially ?at surface, 
re?ects as a substantially straight line 60. The beam of light 
and re?ection thereof may, however, be of other shapes with 
out departing from the present concept. The expression 
“light” as employed herein is intended to encompass all 
detectable electromagnetic spectra, whether or not visible to 
the human eye. The focused light source 52 is structured to 
project a plurality of such beams onto the workpiece 1 and the 
pallet 2 and is substantially ?xed relative to the mast 32. 

The focused light source 52 may be a bulb or any other light 
source (not shown) structured to produce a bright light, and is 
preferably a laser 53. To create the desired lines 60 when a 
laser is used, the laser beam may be directed toward a rotating 
mirror having surfaces that re?ect the beam of laser energy. 
To create the desired lines 60 when a bulb is used, the light 
from the bulb may be passed through a lens and/or ?lter (not 
shown) structured to focus the light into a beam. Alternately, 
the light may pass through a lens/ ?lter with a shutter having a 
slit (not shown) to cause a beam to be projected onto the 
workpiece 1 and the pallet 2. The focused light source 52 is 
structured to reposition the projected line 60 so as to effec 
tively project a plurality of generally straight lines 60 onto the 
workpiece 1 and the pallet 2. This may be accomplished by 
moving the bulb or the lens/?lter/ shutter or by re?ecting the 
light off the movable mirror. 

In the preferred embodiment, the laser 53 is structured to 
project the plurality of generally straight lines 60 sequen 
tially, meaning individually and in series. That is, the laser 53 
is structured to project, as shown in FIGS. 4A and 4B, a ?rst 
line 60A along a ?rst path, then a second line 60B along a 
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8 
second path, then a third line 60C along a third path, etc. The 
position of each line 60 is determined by the lateral angle at 
which the laser projects the light. The lateral angle is mea 
sured relative to a reference axis which, in the exemplary 
embodiment depicted herein, is a structure in a ?xed position 
relative to the laser 53, typically the mast 32. 
The focused light source 52 is mounted at or near the upper 

end of the ?rst mast 32A. As there are no structures between 
the upper end of the ?rst mast 32A and the workpiece 1 and 
the pallet 2, the focused light source 52 has a substantially 
clear view of the workpiece 1 while the workpiece 1 is dis 
posed on the forklift assembly 30. From this position, the 
lines 60 are projected generally downward onto the work 
piece 1 and the pallet 2. Further, the projected lines 60 may be 
projected at a known angle with respect to the longitudinal 
axis of the forklift truck 10. This angle may be between about 
zero and ninety degrees and in the described embodiment is 
about seventy degrees relative to the longitudinal axis of the 
forklift truck 10 where 0 degrees is parallel to the longitudinal 
axis of the forklift truck 10. In this con?guration the lines 60 
are more likely to be projected so as to illuminate a comer of 
a workpiece 1 that is generally squared relative to the longi 
tudinal axis of the forklift truck 10. 

Thus, the laser 53 preferably projects each line 60 at about 
the same angle with respect to the longitudinal axis of the 
forklift truck 10. To create the separate lines 60, however, the 
laser 53 projects each speci?c line 60A, 60B, 60C, etc. at a 
different lateral angle with respect to the reference axis which 
is represented by the ?rst mast 32A. 
The camera 54 is a digital camera structured to capture at 

least one two-dimensional image 5, and preferably a plurality 
of two-dimensional images, and to electronically communi 
cate those images to the image analysis device 56. Commu 
nication of the images 5 to the image analysis device 56 may 
be wireless or by wire. The camera 54 is in a substantially 
?xed orientation on the upper end of the second mast 32B and 
is aimed at the lower portion of the two masts 32, i.e. where a 
workpiece 1 and the pallet 2 would be located, to enable 
determinations of the dimensions and the dimensional weight 
of the workpiece 1. The digital image comprises a plurality of 
pixels 100 disposed in a two-axis Cartesian grid. As set forth 
above elsewhere herein, the Cartesian coordinates of the 
image grid shall be represented by the letters U and V. The 
units of the grid are pixels 100. Further, as used herein, the 
origin of the image Cartesian grid shall be located at the upper 
left corner of the image. That is, the upper leftmost pixel 100 
is at U, V coordinates, 0, 0. 
The camera 54 is structured to capture an image during 

each projection of the beam or “sweep” as discussed else 
where herein. The camera 54 is mounted at or near the upper 
end of the second mast 32B. As there are no structures 
between the upper end of the second mast 32B and the work 
piece 1 and the pallet 2, the camera 54 has a substantially clear 
view of the workpiece 1 while the workpiece 1 is disposed on 
the forklift assembly 30. Thus, each captured image will 
capture a representation of the line 60 projected on the work 
piece 1 and the pallet 2. 
The image analysis device 56 is in electronic communica 

tion with the camera 54. The image analysis device 56 is 
structured to receive the at least one digital image from the 
camera 54 and, preferably, all images in an associated set, i.e. 
all the images of a workpiece 1 and the pallet 2. The image 
analysis device 56 is structured to perform an analysis on at 
least some of the illuminated pixels an image and to charac 
terize the workpiece 1 in one of a number of predetermined 
fashions, such as by calculating the dimensions of a right 



US 8,134,717 B2 

hexahedron that would enclose the workpiece 1, which also 
enables a calculation of the dimensional weight of the work 
piece 1. 

The image analysis device 56 may further include an out 
put device (not shown), such as, but not limited to, a video 
screen and/or a printer or another computer system. The 
image analysis device 56 sends the results of the dimensional 
analysis or the dimensional weighing calculation or both to 
the output device. 

The image analysis device 56 also includes software, ?rm 
ware, and the like that are hereinafter referred to as routine(s) 
57 (shown schematically). The routine(s) 57 may be struc 
tured as a single program but, more typically will be struc 
tured as a plurality of cooperative programs; accordingly, all 
routines shall be identi?ed by reference number 57. The rou 
tine(s) 57 may include, but are not limited to, a line thinning 
routine, a three-dimensional modeling routine, a rotating cali 
per routine, a convex hull routine, and an LTL volume routine. 
At least some of these routines are described below in refer 
ence to the operations performed. 

For example, the line thinning routine 57 is structured to 
enhance the collected images. More speci?cally, the line thin 
ning routine 57 is structured to “thin” the recorded lines 60 so 
that each line 60 has a minimal thickness, preferably a thick 
ness of about one pixel 100. This thinning process improves 
the accuracy of the analysis of the image and reduces the 
computational effort that is necessary to perform the analysis. 

Accordingly, it is understood that when any action or step 
is attributed to the image analysis device 56, the image analy 
sis device 56 includes one or more routines 57 structured to 
perform that action or step. In summary, the image analysis 
device is structured to identify on an image the two-dimen 
sional coordinates of one or more illuminated pixels within a 
line and to convert the two-dimensional coordinates of each 
such illuminated pixel into the three-dimensional coordinates 
of the corresponding real world point in space that is illumi 
nated by the laser 53, as described below. 

The analysis of the images of an illuminated workpiece 1 is 
accomplished by processing a number of the illuminated 
pixels of the image with a number of equations having coef 
?cients that are stored in a calibration data set. The calibration 
data set is derived from a calibration process that is performed 
prior to the dimensional detection and measurement system 
being ?rst placed into service, such as when the system is ?rst 
installed on the forklift truck 10. The calibration process 
performs a Newtonian Approximation or other data analysis 
operation on a number of reference images that are created by 
projecting the generally straight lines 60 from the laser 53 
onto a calibration platform 80. The calibration platform 80 
has a generally ?at and horizontal upper surface 82. 

The calibration platform upper surface 82 may include a 
number of reference patterns 84 which may be computer 
readable. The reference patterns 84 are at known locations on 
the upper surface 82. As such, the X, Y coordinates of any 
particular point on the upper surface 82 of the calibration 
platform 80 can be determined. The calibration platform 80 
(FIG. 3A,) is structured to be moved vertically on a calibra 
tion assembly 86 (shown schematically). Accordingly, the 
particular vertical location of the calibration platform 80 at 
any given time can be attributed as a Z coordinate to the 
aforementioned X, Y coordinates of the various points on the 
upper surface 82 of the calibration platform 80. As such, 
three-dimensional X, Y, Z coordinates of points on the upper 
surface 82 of the calibrationplatforrn 80, which are real world 
points in space, can be determined. 

The calibration assembly 86 is structured to hold the cali 
bration platform 80 in a substantially horizontal plane. The 
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calibration assembly 86 includes at least three, and preferably 
four, vertically adjustable support posts 88 that may be posi 
tioned at indexed (known) heights. Further, the calibration 
assembly 86 includes a measuring device, such as, but not 
limited to a scale (not shown), on the adjustable support posts 
88, that provides a measurement indicating the height of the 
calibration platform 80 above the ground. 

Before discussing the calibration procedure in detail, a 
summary description would be helpful. Generally, the cali 
bration procedure involves recording the positions of pro 
jected lines 60 at a given lateral angle at each of a plurality of 
vertical calibration levels. A system of equations is created 
having coef?cients that represent the way in which pixels at 
positions on an image (U, V coordinates, as discussed above) 
are associated with “real world” points in three-dimensional 
space, i.e. in a three-dimensional X, Y, Z coordinate system. 
More speci?cally, the general form of the equations discussed 
below is known, and the calibration process involves deter 
mining the set of coef?cients that are associated with the 
sweeps at a given lateral angle and that are used within the 
equations. During operation of the dimensional detection sys 
tem, i.e., subsequent to the calibration operation, the coef? 
cients and resultant equations allow conversion from the U, V 
coordinates of an illuminated pixel of an image into the cor 
responding and actual X, Y, Z coordinates of a real world 
point in space on a surface of a workpiece 1 that is illuminated 
by the laser 53 and which has been captured as the illuminated 
pixel of the image. 
The equations may be represented as: 

Generally, the constants “d” and “h” are zero, or very small, in 
the present system and may be ignored. The six coef?cients a, 
b, c, e, f, and g are unique to the lateral angle of the beam from 
the laser 53 and are determined by the calibration process. 

Hereinafter, a ?rst reference elevation shall be identi?ed as 
calibration “level 0”, the next highest calibration level shall be 
identi?ed as “level 1” and each successively higher calibra 
tion level shall be identi?ed in sequence, e.g. “level 2,” “level 
3,” etc. In the exemplary FIG. 4A, the calibration platform 80 
is disposed at “level 6”. In the exemplary FIG. 4B, the cali 
bration platform has been displaced vertically upward to 
“level 7”, it being noted that FIG. 4B further depicts in broken 
lines the vertical position of the calibration platform 80 at 
“level 6” as well as the location of the beam at L6,S3 thereon. 
Since the focused light source 52 and the camera 54 are at the 
top of the components that form the forklift assembly 30, the 
focused light source 52 and the camera 54 are always dis 
posed vertically higher than the various calibration levels. 
The calibration levels may be generally evenly spaced, 
although it may also be desirable to group the calibration 
levels in various regions of interest, such as in a region just off 
the ground or elsewhere. While there is no speci?c number of 
calibration levels required, preferably, there are between 
about four and ten calibration levels. 
The calibration platform upper surface 82 is substantially 

?at and rectangular and includes a plurality of reference pat 
terns 84. Preferably, the reference patterns 84 include a large 
scale pattern 90 and plurality of small scale patterns 92. For 
example, the exemplary calibration platform upper surface 82 
is marked in a square grid pattern wherein each square is six 
inches long and wide, although other sizes, shapes, and 
arrangements of pattern elements can be employed without 
departing from the present concept. This grid is the large scale 
pattern 90. Within each square of the large scale pattern 90 are 
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smaller square grids, each of which is a small scale pattern 92. 
Each small scale pattern 92 includes a set of white (or other 
wise re?ective) squares and black (or otherwise non-re?ec 
tive) squares, or combined black and white squares. Each 
small scale pattern 92 has a different layout for the white/ 
black squares. Thus, each square in the large scale pattern 90 
is unique. As such, the location of each square in the large 
scale pattern 90 is identi?able. That is, projecting a light beam 
across the large scale patterns 90 and the small scale patterns 
92 and analyZing the re?ected light may be used to identify 
each square in the large scale pattern 90. Further, the image 
analysis device 56 includes an electronic model of the large 
scale patterns 90 and the small scale patterns 92, which is a 
representation of the calibration platform 80 in the form of a 
routine 57 having a database specifying the location of each 
square in the large scale pattern 90 and the arrangement of 
black and white squares of each such small scale pattern 92 on 
the calibration platform upper surface 82. 

Thus, when a line 60 is projected on the upper surface 82 of 
the calibration platform 80, the line re?ects off the white 
squares (or the white portions of the partially white squares) 
of the small scale patterns 92 and does not re?ect off the black 
squares (or the black portion of the partially black squares) of 
the small scale patterns 92. The image analysis device 56 
includes a routine 57 structured to analyze the lines 60 and to 
identify each square in the large scale pattern 90. 
As shown in FIG. 5, the line 60 extends over the upper 

surface 82 of the calibration platform 80 as well as multiple 
reference patterns 84. The analysis device routine 57 captures 
an image 5 of the line 60, and after any additional processing 
steps such as, but not limited to, line thinning have occurred, 
the U, V coordinates of the pixels that have been illuminated 
by the line 60 may be established. More particularly, since the 
upper surface 82 of the calibration platform 80 includes both 
re?ective and non-re?ective regions, the re?ection of the line 
60 is recorded in the image as an aligned series of dashes 
separated by spaces, with the dashes themselves being repre 
sentative of a re?ection of the beam from a re?ective region of 
the upper surface 82, and with the spaces being representative 
of the non-re?ection of the beam 60 from a non-re?ective 
region of the upper surface 82. The location of the pixel 100 
where the line 60 enters a white portion of reference pattern 
84 and the location of the pixel 100 where the line 60 exits the 
white portion of the reference pattern 84 are determined for 
each of a plurality of the dashes. Based upon the model of the 
reference patterns 84, the arrangement of illuminated pixels 
of the image can be used to determine the precise location of 
the line 60 on the upper surface 82 of the calibration platform 
80. Finally, the vertical position, i.e. the “Z” coordinate is 
known as the calibration platform 80 is at a known height, as 
discussed below. 

Thus, for a particular point, the values U, V, X, Y, and Z in 
the equation set forth above can be determined. That is, the U, 
V values are the coordinates of a pixel of an image, and the X, 
Y, Z values are the coordinates of a corresponding point on the 
upper surface 82 of the calibration platform 80 that was 
illuminated by the beam and that is represented by the illu 
minated pixel of the image. Since “d” and “h” are typically 
zero and are assumed as such, the equations may be repre 
sented as: 

Thus, there are two equations each having three variables 
(which together are the unknown six coe?icients a, b, c, e, f, 
and g.). Such equations may be “solved,” meaning that a 
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rational solution may be found for the coef?cients, using well 
known and readily available programs/routines such as, but 
not limited to, OpenCV found at http://sourceforge.net/ 
projects/opencv/ which may or may not employ Newtonian 
Approximation. That is, given six variables in two equations, 
there may be many solutions, but typically only one solution 
is valid, and it can be identi?ed using known public programs 
such as OpenCV. 

Accordingly, calibration of the image analysis device 56 is 
accomplished as follows. The calibration assembly 86 posi 
tions the calibration platform 80 at a ?rst vertical position that 
is established as a reference elevation, i.e. level 0. The level 0 
vertical position likely will be close to the ground. As noted 
above, this height is known as established by a measurement 
device on the calibration assembly 86. The focused light 
source 52 sequentially projects a plurality of spaced generally 
straight lines 60 onto the calibration platform 80. Each pro 
jection of a line 60 is hereinafter identi?ed as a “sweep”, and 
an image is recorded of each such sweep. As noted above, the 
spacing/positioning of the lines 60 is accomplished by chang 
ing the lateral angle of the projected line. For purposes of 
illustration, each sweep may be identi?ed herein by a number, 
e.g. “sweep 1,” followed by a “sweep 2,” etc. Each sweep 
creates a line 60. Preferably, the focused light source 52 
performs between about ten and two hundred sweeps at each 
level, individually projecting a line 60 onto the calibration 
platform upper surface 82 for each sweep. For the sake of 
clarity, however, the ?gures and the following discussion 
shall be limited to ?ve sweeps. Further, as discussed herein, 
the sweeps shall be identi?ed as sequentially moving from the 
right to the left. Thus, sweep 1 is to the far right, sweep 2 is 
located to the left of sweep 1, sweep 3 is centrally located, 
sweep 4 is located to the left of sweep 3, and sweep 5 is on the 
far left. 

Accordingly, for this example, there are ?ve sweeps at each 
calibration level. The sweeps may hereinafter be identi?ed by 
a designation representing the calibration level and the sweep 
number. The designation is in the format L#/S# wherein the 
number following the “L” is the level and the number follow 
ing the “S” is the sweep number. Thus, for example, line 
L1/S3 indicates central sweep at calibration level 1 and line 
L5/S1 indicates the far right sweep at calibration level 5. 
The camera 54 captures a separate image of each sweep, 

i.e. the camera 54 captures an image of the calibration plat 
form 80 including each generally straight line 60 at each 
calibration level. As shown, the focused light source 52 is 
disposed to the left side of the longitudinal centerline of the 
forklift truck 10, and the lines 60 of each sweep appear, from 
the perspective of the camera 54, to be farther to the left at 
each successively higher level. That is, from a two-dimen 
sional perspective, as captured in the images, sweep 3 on level 
7 will appear to be to the left of sweep 3 on level 6, as can be 
understood from FIG. 4B. It is noted that when the calibration 
platform 80 is positioned very high or very low, one or more 
sweeps may not project a line 60 on the calibration platform 
80 at all; these lines 60 are ignored for that calibration level. 
A composite depiction of the calibration platform 80 hav 

ing all ?ve sweeps, i.e. each generally a straight line 60, is 
shown in FIG. 4A, it being reiterated that only one line 60 
exists on the calibration platform 80 at any given time, and 
that a separate image is recorded of each line 60. The images 
are each subjected to a line thinning routine 57 which reduces 
each elongated region of illuminated pixels in the image, i.e., 
the representation of a portion of a line 60 on the calibration 
platform 80, to a width of about one pixel 100. As noted 
above, each reference pattern 84 is slightly different and each 
reference pattern 84 is at a speci?c position on the calibration 
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platform 80. Since each line of illuminated pixels will include 
a number of dashes separated by spaces (non-illuminated 
pixels due to the line 60 extending across black or otherwise 
non-re?ective points on the upper surface 82 of the calibra 
tion platform 80), the model of the reference pattern 84 can be 
employed to identify the speci?c location of the line 60 on the 
upper surface 82. As such, particular illuminated pixels of the 
image can be associated with speci?c points on the upper 
surface 82 of the calibration platform 80. 
The location of the calibration platform 80 reference pat 

terns 84 may themselves also be recorded. That is, data rep 
resentative of the reference patterns 84 may also be detected 
and used in determining the six coef?cients a, b, c, e, f, and g. 
More particularly, the vertex of each pair of adjacent comers 
of each pair of adjacent squares of the large scale pattern 90 
may be detected with further processing of the pixel illumi 
nation data in the image. This can provide further data regard 
ing speci?c pixels of the image (having U, V coordinates) that 
correspond with points having known locations on the upper 
surface 82 of the calibration platform 80 (having X, Y, Z 
coordinates). 

The focused light source 52 sequentially projects a plural 
ity of generally straight lines 60 onto the calibration platform 
80. Each time a line 60 is projected, the camera 54 captures an 
image 5. The images 5 are transmitted to the image analysis 
device 56. 
Once the data for the initial calibration level is captured, the 

calibration platform 80 is moved upward to the next calibra 
tion level. The procedure is then repeated for each additional 
calibration height. The height of the calibration platform 80 at 
each calibration height is recorded and associated with each 
image for each sweep at that height. It is noted that the 
movement of the calibration platform 80 between calibration 
levels can be upward or downward without limitation, it being 
necessary simply to record the height of the upper surface 82 
of the calibration platform 80 at each such calibration level. 

The illuminated pixel coordinates (U, V) and the corre 
sponding known points on the upper surface 82 of the cali 
bration platform 80 (having X, Y, Z coordinates) for all of the 
images of the beam at a particular angle and at all of the 
various heights of the calibration platform 80 are then pro 
ces sed together using Newtonian approximation or other data 
processing methodology to determine the six coef?cients a, b, 
c, e, f, and g that are associated with that particular angle of 
the beam. That is, a data set is generated for each image, with 
the data set comprising a number of sets of pixel coordinates 
(U, V) and, for each set of pixel coordinates, the correspond 
ing set of real world coordinates (X,Y, Z). Again, such data is 
derived from a comparison of the illuminated pixels of an 
image captured of a line 60 (on the calibration platform 80 at 
a speci?c angle of the beam and at a speci?c height of the 
calibration platform 80) with an electronic model of the loca 
tions of reference images 84 (on the upper surface 82 of the 
calibration platform 80) to determine for each such illumi 
nated pixel the corresponding real world location on the upper 
surface 82 of the calibration platform 80 at a given calibration 
height. The data sets for all of the images of the beam at the 
particular angle at all of the various heights of the calibration 
platform 80 are then subjected to Newtonian Approximation 
using the two aforementioned equations to determine the six 
coef?cients that a, b, c, e, f, and g that are associated with that 
particular angle of the beam. 

Thus, as a result of such calibration, the image analysis 
device 56 has created a set of coef?cients along with other 
data that are associated with a particular angle of the beam 
from the laser 53 which, when used with the two equations set 
forth above, enable the conversion of the illuminated pixels 
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100 of an image (i.e., illuminated by the laser 53 illuminating 
a point on a surface of a workpiece 1 at the same angle), as 

identi?ed by (U, V) coordinates, into the real world (X, Y, Z) 
coordinates for that point. The calibration data set will typi 
cally include a separate set of the six coef?cients a, b, c, e, f, 
and g for each of a plurality of angles of the beam 60 from the 
laser 53. 

During operation of the dimensional detection system, i.e., 
after the calibration operation has been completed and the 
calibration data set has been created, the dimensional detec 
tion system is usable to characterize a workpiece 1. The 
workpiece is placed on the pallet 2, for example. The laser 53 
sequentially directs a plurality of analysis beams 60 at the 
predetermined angles onto the workpiece 1, and the camera 
54 captures an image of each such sweep, i.e., each such 
re?ection of the analysis beam 60 at a particular predeter 
mined lateral angle on the workpiece 1. 
An example of such an analysis beam 60 projected at a 

particular predetermined angle onto a workpiece 1 is depicted 
generally in FIG. 6 along with a number of additional sche 
matically-depicted beams 60 (in broken lines) projected at 
other predetermined angles onto the workpiece 1. In this 
regard, it is reiterated that only a single beam is projected onto 
a workpiece 1 at any given time, and an image is recorded of 
only a single analysis beam 60 at a predetermined angle. 
Thus, a separate image will be recorded of each individual 
analysis beam 60. 
The image of the analysis sweep is transmitted to the image 

analysis device 56 and the image is processed using the six 
coef?cients a, b, c, e, f, and g from the calibration data set that 
are associated with that particular predetermined angle. That 
is, the image is processed by using the six coef?cients 
plugged into the two aforementioned equations. 

First, every pixel 100 of an image is processed against a 
con?gured threshold to determine if the illumination level of 
the pixel 100 is bright enough to be considered to be an 
illuminated, or, “object” pixel 74. If so, the U, V coordinates 
of the object pixel 74 are stored in memory. Next, the line 
thinning algorithm removes excess object pixels 74 from the 
memory containing the list of object pixels 74. The U, V 
coordinates of each remaining object pixel 74 are then entered 
into the two aforementioned mathematical equations using 
the six coef?cients from the calibration data set that are asso 
ciated with the angle of the beam from the laser 53 at which 
the image was recorded. 

These equations convert the two-dimensional coordinates 
of each object pixel 74, i.e. the U, V coordinates, into a 
corresponding three-dimensional, i.e. X, Y, Z, real world 
coordinate, which is a point on a surface of the workpiece 1 
that was illuminated by the beam from the laser 53 at the 
particular predetermined angle when the image was recorded. 
These coordinates may be ?ltered and any points with a 
height of 0 (a Z coordinate value) may be ?ltered out as 
corresponding with the pallet 2. All remaining sets of X, Y, Z 
coordinates that were identi?ed as corresponding with an 
object pixel 74 are then stored. 
The operation is repeated for each image taken of each 

analysis beam at a different predetermined angle. All of the 
real world X, Y, Z coordinates, which represent points on a 
surface of the workpiece 1, are stored in a memory construct. 
The image analysis device 56 can then use the stored X, Y, 

Z coordinates in any of a variety of manners. By way of 
example, the X, Y, Z coordinates may be processed using a 
convex hull routine 57. Such a convex hull routine 57 deter 
mines the smallest polygon that can encompass a set of points 
that lie in a plane. A rotating caliper routine 57 is a particular 
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type of convex hull algorithm and generates the smallest 
rectangle that can encompass the same points. 

The operation begins by ignoring the Z coordinates of the 
sets of X, Y, Z coordinates for the workpiece, and effectively 
inputting the X, Y coordinates into the rotating caliper routine 
57. The rotating caliper routine 57 will then return a length 
and a width of a rectangle having square corners that will 
encompass all of the X,Y points. The maximum Z value of all 
of the points can then be attributed as a height dimension to 
the aforementioned rectangle to result in a right hexahedron 
having length, width, and height dimensions which can serve 
as the characterization of the workpiece 1. All of the real 
world X, Y, Z points in space would lie within the aforemen 
tioned right hexahedron, although it is noted that this is not 
intended to suggest that a carton would necessarily be con 
structed for the purpose of enclosing the workpiece 1 itself. 
Rather, the dimensions of the right hexahedron can be 
employed to determine a volume which can then be used with 
a standard unit as mentioned elsewhere herein to calculate a 
dimensional weight of the workpiece 1. 

Alternatively, it may be desirable to characterize the work 
piece 1 in its orientation on a pallet 2, such as if a customer in 
an LTL shipping transaction af?xes a workpiece 1 to a pallet 
2 in a speci?c orientation on the pallet 2. In such a scenario, it 
might be desirable to characterize the workpiece with respect 
to dimensions lying along axes that are parallel with the sides 
of the pallet and that have a height perpendicular to an upper 
surface of the pallet 2. In so doing, the minimum X value of 
any real world point in space might be subtracted from the 
maximum X value of any of the real world points in space to 
determine a maximum width of the workpiece. Similarly, the 
minimum Y value of any of the points in space might be 
subtracted from the maximumY value of any of the points in 
space to determine a value for the length of the workpiece 
such as would lie along the longitudinal axis of the forklift 
truck 10. The maximum Z value of any of the points could 
then be attributed as a height, with the width, length, and 
height values then being used to determine a volume for 
characterizing the workpiece 1 and for use in determining a 
dimensional weight of the workpiece 1. 

It is noted that for each set of U, V coordinates of an image, 
the two aforementioned equations generate a pair of X values, 
a pair of Y values, and a pair of Z values that are intended to 
correspond with a single real world point in space. It is further 
noted, however, that one X value in the pair of X values will 
be clearly wrong, as will one of the pair of Y values and one 
of the pair of Z values. For instance, the incorrect value might 
be extremely large or extremely small, or it might have nega 
tive value when it should not. An example of an extremely 
large value might be, for instance, a value that places the real 
world point outside the building where the analysis is being 
performed. Depending upon the coordinates employed, any 
of a number of simple algorithms or bounds or both can be 
developed and employed to determine which of the two X 
values, which of the two Y values, and which of the two Z 
values is incorrect, impossible, irrational, etc. The remaining 
X, Y, and Z values are the coordinates of the real world point 
in space that actually corresponds with the U, V coordinates 
of the illuminated pixel. 

It is also noted that the dimensional detection system 50 
may employ more than one light source 52 or more than one 
image collection device 54 or both depending upon the needs 
of the application. For instance, the dimensional detection 
system 50 might include a plurality of lasers 53, with a laser 
53 potentially being disposed on each mast 32, and with each 
laser 53 being generally directed toward separate regions of 
the pallet 2. In such a scenario, an image might include a 
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series of illuminated pixels at one side thereof from one of the 
lasers 53 and another series of illuminated pixels at another 
side thereof from the other of the lasers 53. Such an image 
may be logically separated into two sets of illuminated pixels 
by the image analysis device 56 by processing the illuminated 
pixels at one the end of the image with equations employing 
a set of coef?cients that are associated with the particular 
angle of the beam from the one of the lasers 53 and by 
processing the illuminated pixels at the other end of the image 
with equations employing another set of coef?cients that are 
associated with the particular angle of the beam from the 
other of the lasers 53. Such a con?guration of the dimensional 
detection system 50 would undergo a separate calibration 
operation for each such laser 53. Such a con?guration might 
also employ separate image analysis devices 56 to process the 
different sets of illuminated pixels. 
An additional con?guration might further include separate 

image collection devices 54 that are likewise directed at such 
separate regions of the pallet 2, whereby each such image 
collection device 54 would be con?gured to detect the beam 
60 from only a single one of the lasers 53. In such an addi 
tional con?guration, the illuminated pixels of an image from 
any individual image collection device 54 would result only 
from a single beam and thus would be processed with equa 
tions that employ the coef?cients that are associated with that 
beam at a particular angle. 

Moreover, the dimensional detection system 50 may 
employ a plurality of light sources 52 having output at differ 
ent wavelengths that can be distinguished by an image col 
lection device 54. For example, one laser 53 might output 
light at a ?rst wavelength to create a ?rst beam 60 on a 
workpiece 1, and another laser 53 might output light at a 
second, different wavelength to simultaneously create a sec 
ond beam 60 on the workpiece 1. In such a con?guration, the 
image collection device 54 may be con?gured to determine 
which illuminated pixels resulted from each of the beams 60. 
The image collection device 54 therefore would process the 
illuminated pixels that resulted from one of the beams with 
one set of associated coef?cients and process the illuminated 
pixels that resulted from the other of the beams with another 
set of associated coef?cients. 
Any of a variety of different con?gurations are possible. 

Such different con?gurations can have an advantage of more 
rapid processing by performing certain operations more-or 
less simultaneously. 
A ?owchart generally summarizing the calibration process 

is depicted generally in FIG. 7. Processing begins, as at 304, 
where a beam is projected onto the calibration platform 80 at 
one or more predetermined angles with respect to the mast 32 
and at one or more predetermined heights of the calibration 
platform 80, with an image being taken of each such beam. 
For each such image, the electronic model of the upper sur 
face 82 of the calibration platform 80 and the actual height of 
the calibration platform 80 are employed to identify real 
world points in space disposed on the upper surface 82 of the 
calibration platform 80 that correspond with illuminated pix 
els of the image, as at 308. Processing thereafter continues, as 
at 312, where the pixel coordinates (U, V) and the correspond 
ing real world coordinates (X,Y, Z) for all of the images taken 
of the beam at a given angle are subjected to Newtonian 
Approximation or other data processing operations to gener 
ate the set of six coef?cients that are associated with the beam 
angle. As set forth elsewhere herein, a separate set of coef? 
cients is generated for each such predetermined angle of the 
beam based upon the images that were recorded at the angle 
and a separate Newtonian Approximation operation. Process 
ing thereafter concludes, as at 316, where a calibration data 



US 8,134,717 B2 
17 

set is formed out of the various sets of coef?cients that are 
associated with the various predetermined angles of the 
beam. 

Once the calibration data set has been developed for the 
dimensional detection system 50, the dimensional detection 
50 can be placed into service without the need for further 
recalibration. It is noted, however, that after repair, mainte 
nance, and the like of the forklift truck 10, or otherwise 
periodically, recalibration may be desirable depending upon 
the needs of the application. 
An exemplary ?owchart depicting certain aspects of the 

analysis of a workpiece 1 is depicted generally in FIG. 8. 
Processing begins, as at 404, where a beam 60 is projected at 
a predetermined angle onto a workpiece 1. An image is then 
recorded, as at 412, of the beam 60. The image analysis device 
56 then employs the coef?cients from the calibration data set 
that are associated with the predetermined angle of the beam 
to convert the U, V coordinates of illuminated image pixels 
into real world corresponding X, Y, Z coordinates on the 
surface of the workpiece 1, as at 416. Processing then pro 
ceeds, as at 420, where the X, Y, Z points in space are pro 
cessed in order to characterize the workpiece 1. As mentioned 
elsewhere herein, a characterization of the workpiece is the 
right hexahedron that would enclose all of the real world 
points in space of the point cloud and that can be used to 
calculate a volume from which a dimensional weight can be 
determined. 

While speci?c embodiments of the invention have been 
described in detail, it will be appreciated by those skilled in 
the art that various modi?cations and alternatives to those 
details could be developed in light of the overall teachings of 
the disclosure. Accordingly, the particular arrangements dis 
closed are meant to be illustrative only and not limiting as to 
the scope of invention which is to be given the full breadth of 
the claims appended and any and all equivalents thereof. 
What is claimed is: 
1. A method of characterizing a workpiece with the use of 

a measurement apparatus that comprises a focused light 
source that is structured to project a beam onto the workpiece, 
an image collection device that is structured to detect a re?ec 
tion of the beam on the workpiece and to generate a number 
of images, and an image analysis device that has access to a 
calibration data set, the image collection device and the image 
analysis device being in electronic communication, the 
method comprising: 

projecting at least one beam onto the workpiece; 
capturing an image that comprises a number of illuminated 

pixels representative of at least a portion of the at least 
one beam on the workpiece; 

employing from the calibration data set data that corre 
sponds with the at least one beam to convert at least some 
of the illuminated pixels of the image into a number of 
points in space that are each representative of a point on 
a surface of the workpiece; and 

processing the points in space in a predetermined fashion to 
generate the characterization of the workpiece. 

2. The method of claim 1, further comprising generating as 
the characterization of the workpiece a hexahedron that 
would contain the workpiece. 

3. The method of claim 1, further comprising: 
retrieving from the calibration data set as the data a number 

of coef?cients that correspond with the at least one 
beam; 

employing at least some of the number of coef?cients 
along with a number of equations to convert a set of U, V 
coordinates for an illuminated pixel of the image that is 
representative of a point on the surface of the workpiece 
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that is illuminated by the at least one beam into a set of 
X,Y, Z coordinates for a point in space that corresponds 
with the point on the surface. 

4. The method of claim 3, further comprising projecting the 
at least one beam onto the workpiece at a predetermined angle 
oblique to vertical, the number of coef?cients being associ 
ated with the predetermined angle. 

5. The method of claim 4, further comprising: 
projecting another beam onto the workpiece at another 

predetermined angle oblique to vertical; 
capturing another image that comprises a number of illu 

minated pixels representative of at least a portion of the 
another beam on the workpiece; 

retrieving from the calibration data set another number of 
coef?cients that are associated with the another prede 
termined angle; 

employing at least some of the another number of coef? 
cients along with the number of equations to convert a 
set of U, V coordinates for an illuminated pixel of the 
another image that is representative of a point on the 
surface of the workpiece that is illuminated by the 
another beam into a set of X, Y, Z coordinates for a point 
in space that corresponds with the point on the surface. 

6. The method of claim 3, further comprising: 
performing the employing to convert each of a plurality of 

sets of U,V coordinates for a plurality of illuminated 
pixels of the image into a plurality of sets of X,Y,Z 
coordinates for a plurality of points in space; 

subjecting two of the three coordinates X, Y, and Z of each 
of at least some of the points in space to an algorithm to 
generate a polygon that would enclose the two of the 
three coordinates X, Y, and Z of the at least some of the 
points in space; 

applying to the polygon a value of a third one of the three 
coordinates X, Y, and Z of at least one point in space of 
the at least some of the points in space to generate a 
polyhedron as the characterization of the workpiece. 

7. The method of claim 6, further comprising: 
generating as the polygon a rectangle; 
applying as the value of the third one of the three coordi 

nates X, Y, and Z a maximum value of the third one of the 
three coordinates X, Y, and Z from among the at least 
some of the points in space; 

generating as the polyhedron a right hexahedron as the 
characterization of the workpiece. 

8. The method of claim 6, further comprising: 
determining a volume of the polyhedron; 
applying to the volume a predetermined factor to calculate 

a dimensional weight of the workpiece; and 
assigning as the effective weight of the workpiece the 

greater of the dimensional weight of the workpiece and 
an actual weight of the workpiece. 

9. An apparatus structured to characterize a workpiece, the 
apparatus comprising 

a measurement apparatus that comprises a focused light 
source, an image collection device, and a control system; 

the control system being operable to cause the focused 
light source to project a beam onto the workpiece; 

the control system being operable to cause the image col 
lection device to detect a re?ection of the beam on the 
workpiece and to generate a number of images; 

the control system being operable to cause the number of 
images to be communicated to an image analysis device 
that having access to a calibration data set; 








